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Unsteady surface pressure  measurements on a  vaned d i f f u s e r  of a  cen- 
t r i f u g a l  pump, and wake measarements of the  flow e x i t i n g  a  c e n t r i f u g a l  
impeller  i n t o  a  vane less  d i f f u s e r  a r e  presented. Frequency spec t ra  and 
ensemble averages a r e  given f o r  the  unsteady measurements. Two d i f f e r e n t  
impel le r s  were used, the  pump impel le r  of the HPOTP (High Pressure Oxygen 
Tprboprrmlp) of the  SSBdE (Space S h u t t l e  Main Engine) and a  two-dimensional 
impeller.  The magnitude of the  unsteady t o t a l  pressure measured i n  the  
s t a t i o n a r y  frame a t  the  impeller  e x i t  was found t o  be of the  same order  
of magnitude a s  t h e  t o t a l  p ressure  r i s e  a c r o s s  t h e  pump. The magnitude of 
the unsteady d i f f u s e r  vane p r e s s a r e s  was observed t o  be s i g n i f i c a n t l y  
d i f f e r e n t  on suc t ion  and p r e s s w e  s ide  of the vane, a t t a i n i n g  i t s  l a r g e s t  
value on the  suc t ion  s ide  near  t h e  leading edge while  decreasing along 
t h e  vane. 
INTRODUCTION 
The present  study i s  t h e  f i r s t  p a r t  of an experimental program t o  
i n v e s t i g a t e  r o t o r s t a t o r  i n t e r a c t i o n  i n  high performance c e n t r i f a p a l  
pumps wi th  the aim t o  ga in  a  b e t t e r  understanding of the  unsteady pres- 
sures  impeller  b lades  and d i f f u s e r  vanes a r e  subjected to. Several 
in tens ive  s t u d i e s  of flow development ins ide  c e n t r i f u g a l  impellers  have 
been made by Eckardt Ill, Inouet21, and Krain131. I n  t h e  present  work 
averaged instantaneous t o t a l  p ressure  measurements of t h e  flow e x i t i n g  an 
impel le r  i n t o  a vane less  vo lu te ,  and averaged ,instantaneous vane pressare  
measurements on d i f f u s e r  vanes w i l l  be reported.  The experiments were 
conducted f o r  two d i f f e r e n t  r a d i a l  gaps between t h e  respec t ive  impeller  
t r a i l i n g  edge and t h e  d i f f u s e r  vane lead ing  edge. 
TEST FACILITY AND INSTRUMENTATION 
The experiments were conducted i n  a  r e c i r c u l a t i n g  water  t e s t  loop. 
For the t o t a l  p ressure  measurements, the t e s t  r i g  was equipped w i t h  
e i t h e r  of the two t e s t  impel le r s  and a  vane less  d i f f u s e r  of t rapezo ida l  
c ross  sec t ion ,  r e f e r r e d  t o  a s  Volute D. For the vane pressure measure- 
ments, a  s p e c i a l l y  manufactured vaned d i f f u s e r ,  r e f e r r e d  t o  a s  Di f fuser  
S, and e i t h e r  of t h e  two t e s t  impel le r s  were used. 
The two t e s t  impel le r s  a r e  a  two-dimensional research impeller ,  
r e f e r r e d  t o  a s  Impeller  Z, and one side of t h e  double suct ion pump 
impeller  of the  HPOTP of the  SSME, r e f e r r e d  t o  a s  Impeller  R. Impeller  Z 
i s  a  five-bladed impeller ,  the  blades being logari thmic s p i r a l s  w i t h  a  
blade angle of 25 degrees. Impeller  R has e i g h t  blades i n  t o t a l  with four  
p a r t i a l  blades,  and an inducer wi th  f o u r  inducer blades.  The blade angle 
f o r  both the p a r t i a l  and t h e  f u l l  b lades  a t  the  t r a i l i n g  edge i s  about 36 
degrees. The ou te r  diameter of Impeller  R had t o  be reduced s l i g h t l y  f o r  
the impeller  t o  be run i n  t h e  p resen t  t e s t  f a c i l i t y .  
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The impeller  sha f t  runs on an eccen t r i c  o r b i t  ,with respeot t o  t h e  
vo lu te  or  d i f fu se r .  By pos i t ion ing  the  impeller  on d i f f e r e n t  l oca t i ons  a n  
the  eccen t r i c  o r b i t ,  d i f f e r e n t  d i s t ance s  Lwtween t h e  iapller t r @ i l i n g  
edge and the  t o t a l  p ressare  probe a s  we l l  a s  the  p a r t i c u l a r  i n s t r m e a t e d  
d i f f a s e r  vane could be a t ta ined .  
Diffuser  S i s  a s t r a i g h t  wal l ,  cons tan t  width d i f f u s e r  w i t h  niw 
vanes. The vanes do have the  same shape a s  the  vanes i n  the  d i f f u s e r  ef 
the HPOTP of the  SSME; however, t h e  nmnber d vanee was reduced to s i ne ,  
and the  vanes were spaced c lo se s  t o  t h e  impeller  t r a i l i n g  edge thni they  
a re  cur ren t ly  i n  t he  SSME. 
P i ezoe l ec t r i c  PC3 miniature pressure  t ransducers  were used f o r  t h e  
pressare  measurements. 
Total  pressure measurements weze made by i n se r t i ng  a t o t a l  pressPr. 
probe i n t o  Volute D . The diameter of t he  impact probe was reduced 
several  times u n t i l  no increase i n  the  magnitude of the t o t a l  p res raue  
was observed. A l l  data  on t o t a l  p ressure  reported he r e in  were t a h n  w i t h  
a 0.63 mm inner diameter impact probe. 
Diffuser  vane pressures  were measured a t  20 d i f f e r e n t  l oca t i ons  on  
the  vanes, 1 4  of those loca ted  a t  the c en t e r l i ne  d pressure and s a c t i o r  
s ide ,  the remaining s i x  being d i s t r i b u t e d  a x i a l l y  between suct ion shroud 
and hub o r  back shroud a t  two d i f f e r e n t  l oca t i ons  downstream of t he  lead- 
ing edge on the suct ion s ide  @igs. l  and 2) .  A cons t r a in t  on t h e  g e a r t r y  
of the pressure tap  was the  frequencp response; f o r  the  p r e sen t  
geametry, the eigenf requency was est imated,  using a Helmholtz re  sona tor  
model. t o  be 8000 Hz. 'We blade passage f repacsncp a t  2400 qm, the h i & e s t  
speed a t  which t e s t s  were run, i s  320 Hz f o r  Impeller R. The spectrum af  
instantaneoas vane pressure measurements (Pig. 3 )  taken a t  suc t ion  s i d e  
t ap  1 f o r  Impeller  R a t  2400 rpm and d = -15 shows t h a t  t he  model gave 8 
reasonable est imate on t he  eigenf reqaancy of the  pressore response. 
The data were sampled and d i s c r e t i z e d  i n  a 16 channel "data taker" 
made a t  Caltech. An encoder was used on the  main sha f t  t o  t r i g g e r  t h e  
data taker  and t o  provide a clock f o r  the data taker. The maximum sam- 
p l ing  frequency of the data t ake r  i s  32 kHz; 1024 da t a  per main s h a f t  
cycle were taken f o r  speeds up t o  1800 rpm, 512 f o r  higher  speeds. Sinuo 
the  s igna l  contained some noise the  d i s c r e t i xed  data were averaged. Fo r  
Impeller  Z the averaging was done over 512 main sha f t  oycles, f o r  
Impeller R w e t  2048 f u l l  and p a r t i a l  blade passages. However, t h e  f r e -  
quency spectrum presented was obtained by a Past  Four ie r  Transforma on 
nonaveraged ins tan taneoas  data. 
Performance carves were taken f o r  Impeller  WDiffuser  S and Impel le r  
ZIDiffuser  S. The r e s u l t s  a r e  shown i n  Pig. 4. Impeller R achieves a 
higher  flow coef f ic ien t ;  however, t he  head coe f f i c i en t  a t t a i n e d  by 
Impeller  Z i s  considerably higher. 
DISCUSSION OF EXPERIMENTAL RESULTS 
Averaged Instantaneous Tota l  PrBssure Measurements.- For Impeller It. 
averaged instantaneous t o t a l  pressure measurements made a t  the center1 i n s  
of Volute D a t  1200 rm and d = .12 with two d i f f e r e n t  r ad i a l  gaps 
between impeller  t r a i l i n g  edge and impact probe a r e  presented i n  Pig. 5 a  
(r3/%=1 .02) and b ( r  /%=I .05), The f l u c t u a t i o n s  a r e  of the same order  
of magnitude a s  t i e  t o t a l  p ressure  across  the  They a r e  
s t rongly  decreasing wi th  increas ing  1 .  For r3/4yf:02 it i s  
Fig .  5 a  and 5b. Averaged instantaneous t o t a l  pressure measurements f o r  
Impeller R a t  c en t e r l i ne  of Volute D f o r  r /l$=1.02 ( top)  and 
r,/4=1.05 b o t t a ) .  RF'M = 1200. d l ,  %he cross-hatching 
i nd i ca t e s  t he  blade t r a i l i n g  edge. FP=full  blade pressure s ide,  
FS=full blade suc t ion  side.  PP-par t ia l  blade pressure s ide ,  
PS=part ial  blade suc t ion  s ide  
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Fig ,  6 Averaged instantaneous vane pressure  measurements f o r  Impeller R .  
a t  vans cen te r l ine .  RP*1800, d3.12, 5/%=1.015 and 1.046 
evident  t h a t  t h e  wake i s  l o c a t e d  on t h e  suc t ion  s ide of t h e  blades. 
There is, honrever, a  d i f f e r e n c e  i n  t h e  flow along f u l l  and p a r t i a l  
blades.  This  becomes p a r t i c u l a r l y  obvious f o r  r / -1.05. It there fore  
appears  t h a t  t h e  mixing process  may be differe%';or the  d i f f e r e n t  
blades. 
Averaged Instantaneous D i f f u s e r  Vane Pressure Measurements. -As the  
main purpose of t h i s  experiment was t h e  i n v e s t i g a t i o n  of t h e  instantane-  
ous vane pressures ,  vane pressure  measurements were taken f o r  both 
impel le r s  a t  several  flow c o e f f i c i e n t s  and two d i f f e r e n t  r a t i o s  of It3/ . 
All da ta  presented were, i f  not o t h e m i s e  mentioned, taken a t  s h a f t  spee % s  
of 1800 r p  f o r  Impeller  R and 1200 rpm f o r  Impeller  Z. Figure 3 shows 
t h e  spectrum of instantaneous vane pressure  measurements taken a t  sac- 
t i o n  s ide  t a p  1 f o r  Impeller  R a t  2400 rpm and dc.15. It i s  evident  t h a t  
the  f l u c t u a t i o n s  a r e  per iod ic  w i t h  blade passage frequency. Furthermore. 
the  d i f fe rence  i n  a  p a r t i a l  o r  f u l l  impel ler  blade passing by t h e  vane i s  
evident  from the  h a l f  blade passage frequency seen i n  Fig. 3. 
Figures  5  t o  8  show the  magnitude of t h e  f l u c t u a t i n g  vane pressure 
along t h e  vane c e n t e r l i n e  . I n  Fig. 6  measurements a r e  presented f o r  
Impeller  R, one flow c o e f f i c i e n t  (d=.12) and two r a t i o s  
i n  Fig. 7 and 8  measurements a r e  p resen ted  f o r  Impeller  R % an Impel le r  whereas Z
and one r a t i o  %/I$ (1.046 and 1.052. r e s p e c t i v e l y  ) but  two d i f f e r e n t  
flow' c o e f f i c i e n t s  W . 1 5  and .09 f o r  Impeller  R, and d=.14 and .10 f o r  
Impeller  Z ).  The f l u c t u a t i o n s  a r e  i n  a l l  of the  cases  presented l a r g e s t  
on t h e  f r o n t  p a r t  of t h e  suc t ion  s ide  of the vane, and i n  t h a t  reg ion  
they a t t a i n  v a l u e s  comparable t o  t h e  t o t a l  p ressure  r i s e  a r o s s  t h e  pump. 
The l o c a t i o n  of t h e  l a r g e s t  f l u c t u a t i o n  i n  t h i s  region seems t o  depend on 
flow c o e f f i c i e n t .  Moving downstream along t h e  suc t ion  s ide  of t h e  vane, 
the  f l u c t u a t i o n s  decrease, but i t  appears  t h a t  they a t t a i n  a  r a t h e r  small 
r e l a t i v e  maximum on the  r e a r  p a r t  of t h e  vane. On t h e  pressure s ide,  the 
f l u c t u a t i o n s  a r e  genera l ly  smaller  than on t h e  suc t ion  s ide  and they a re  
l a r g e s t  i n  t h e  v i c i n i t y  of the  l ead ing  edge and decrease downstream along 
t h e  vans.  It appears  t h a t  they, a t  l e a s t  f o r  Impeller  R, a l s o  a t t a i n  a  
r e l a t i v e  maximum on t h e  r e a r  h a l f  of t h e  vane. The au thors  a s  y e t  do not 
have an explanat ion f o r  t h e  l a r g e  f l u c t u a t i o n s  a t  the  t r a i l i n g  edge t h a t  
were measured when Impeller  R was used a s  t e s t  impeller.  
The f l u c t u a t i o n s  decrease,  e s p e c i a l l y  on the  f r o n t  h a l f  of the vane, 
s i g n i f i c a n t l y  with increas ing  / (Fig. 6 ) .  
For both t e s t  impel lers ,  ? t e  "t l u c t u a t i o n s  on the  . f ront  h a l f  of the 
suc t ion  s ide  a7 smaller  f o r  the  l o n e r  flow c o e f f i c i e n t  (Figs. 7 and 8 ) .  
For Impeller  R the  f l u c t u a t i o n s  continue t o  be smaller  on t h e  r e a r  p a r t  
of the  vane; however , f o r  Impeller  Z they a r e  approximately equal. 
I n  o rder  t o  i n v e s t i g a t e  t o  which ex ten t  t h e  instantaneous vane pres- 
s u r e s  vary across  t h e  span of t h e  vane, four  t aps  were spaced on the  suc- 
t i o n  s ide  a t  two d i f f e r e n t  l o c a t i o n s  from the  leading edge. Due t o  the  
l i m i t e d  number of vanes a  s i m i l a r  i n v e s t i g a t i o n  could not be done on the  
pressure  s ide.  The magnitude of the  instqntaneous vane pressures  f o r  
Impeller  R was found t o  vary s i g n i f i c a n t l y  ac ross  t h e  span, being l a r g e s t  
near  the hub and decreasing s t r o n g l y  tonards t h e  shroud (Fig. 9 ) .  These 
v a r i a t i o n s  a r e  s t i l l  no t iceab le  f u r t h e r  downstream a t  the second measure- 
ment loca t ion .  The d i f fe rence  s  i n  magnitude of t h e  f l u c t a t i n g  vane 
pressure  ac ross  t h e  span f o r  Impeller  Z a r e  smaller  a t  both measuring 
l o c a t i o n s  (Fig. 9 ) .  
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CONUUSION 
Instantaneous t o t a l  p ressure  measurements and instantaneous vane 
pressure  measurements were taken f o r  two d i f f e r e n t  impel le r s  opera t ing  i n  
a  vane less  v o l u t e  and a  vaned d i f f u s e r ,  respec t ive ly .  As f o r  the  t o t a l  
pressure,  f o r  Impeller  R 
t h e  f l u c t u a t i o n s  a r e  of about t h e  same magnitude a s  the t o t a l  
pressure r i s e  
* t h e  f l u c t u a t i o n s  decrease s t rongly  with increasing d i s tance  
t o  the  impeller  
* t h e  wakes a r e  mostly loca ted  on t h e  suc t ion  s ide  of the blade 
A s  f o r  the vane pressures ,  f o r  both impel le r s  
* t h e  f l u c t u a t i o n s  were l a r g e s t  on t h e  suc t ion  s ide  i n  the  v i c i n i t y  
of the leading edge 
* t h e  f l u c t u a t i o n s  were l a r g e r  on t h e  suc t ion  s ide  than on the  pressure  
s ide 
* t h e  f l u c t u a t i o n s  e s p e c i a l l y  on t h e  f r o n t  h a l f  of the  vane decreased 
s i g n i f i c a n t l y  when t h e  d i s tance  from the impeller  t r a i l i n g  edge 
t o  the  vane lead ing  edge was increased.  
For the pump impeller  of the  HPOTP of t h e  SSME 
* t h e  f l u c t u a t i o n s  were s i g n i f i c a n t l y  l a r g e r  near the hub than near 
the  shroud 
For the two-dimensional impeller  
t h e  d i f f e r e n c e s  i n  f l u c t u a t i o n  between hub and shroud were s h a l l .  
The present  study has shown t h a t  t h e  d i f f u s e r  vanes i n  a  c e n t r i f u g a l  
compressor stage a r e  sub jec t  t o  considerable  p ressure  f l u c t u a t i o n s .  For 
the  three-dimensional c e n t r i f u g a l  impeller  of the  HPOTP of the SSME t h e  
vane pressure  f l u c t u a t i o n s  vary w e r  the  span a s  wel l  a s  along t h e  vane. 
The authors  a r e  indebted t o  t h e  NASA George Marshall Space F l i g h t  
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% =impeller  discharge a rea  
=impeller  discharge width 
:2 =magnitude of i t  t h  Four ie r  c o e f f i c i e n t  i 
=magnitude of l a r g e s t  Four ie r  c o e f f i c i e n t  ;i,max 
=f reqaency 
=impeller  blade passage frequency 
= t o t a l  pressure 
=upstream t o t a l  p ressure  
=downstream t o t a l  p ressure  
=vane pressure 
=flow r a t e  
=impeller  discharge rad ius  ( 83.82 mm f o r  Impeller R 
80.92 mm f o r  Impeller Z ) 
= s h o r t e s t  d i s tance  between d i f f u s e r  vane and cen te r  of 
impeller  r o t a t i o n  
=distance from impact probe t o  c e n t e r  of impeller  r o t a t i o n  
=impeller  t i p  speed (u2=2R2nf 
=dens i ty  of water 
=flow c o e f f i c i e n t  (d =Q/ (u2A2)) 
2 $ = t o t a l  head c o e f f i c i e n t  ( $ = (pt2-ptl)/(u2p 1) 
' = averaged instantaneous v a l u e s  
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